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Abstract:
The application of shape-controlled metal nanoparticles is profoundly impacting the field of electrocatalysis.
On the one hand, their use has remarkably enhanced the electrocatalytic activity of many different reactions
of interest. On the other hand, their usage is deeply contributing to a correct understanding of the correlations
between shape/surface structure and electrochemical reactivity at the nanoscale. However, from the point of
view of an electrochemist, there are a number of questions that must be fully satisfied before the evaluation
of the shaped metal nanoparticles as electrocatalysts including (i) surface cleaning, (ii) surface structure char-
acterization, and (iii) correlations between particle shape and surface structure. In this chapter, we will cover
all these aspects. Initially, we will collect and discuss about the different practical protocols and procedures
for obtaining clean shaped metal nanoparticles. This is an indispensable requirement for the establishment of
correct correlations between shape/surface structure and electrochemical reactivity. Next, we will also report
how some easy-to-do electrochemical experiments including their subsequent analyses can enormously con-
tribute to a detailed characterization of the surface structure of the shaped metal nanoparticles. At this point,
we will remark that the key point determining the resulting electrocatalytic activity is the surface structure
of the nanoparticles (obviously, the atomic composition is also extremely relevant) but not the particle shape.
Finally, we will summarize some of the most significant advances/results on the use of these shaped metal
nanoparticles in electrocatalysis covering a wide range of electrocatalytic reactions including fuel cell-related
reactions (electrooxidation of formic acid, methanol and ethanol and oxygen reduction) and also CO2 electrore-
duction.
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1 Introduction
Based on the extensive and intensive knowledge gained with the use of metal single-crystal electrodes in elec-
trocatalysis, it is now widely accepted that the surface structure, that is, the arrangement of the atoms at the
surface, is one of the most relevant parameter determining the electrocatalytic properties of the material under
study [1-3]. Consequently, all this knowledge must serve as a guide for the understanding and evaluation of
the effect of the surface structure on the electrocatalytic properties of metal nanoparticles [4–7]. Particularly,
this previous knowledge must be used to learn the methods, protocols, precautions, and requirements to be
fulfilled to properly study the surface structure–reactivity correlations on the nanoscale materials.
With the aim of understanding the effect of the surface structure on metal nanoparticles, the availability of
shape-controlled metal nanoparticles is extremely useful because by controlling the shape of a nanoparticle, it
is possible to provide metal nanoparticles with a well-defined surface atomic arrangement and coordination,
that is, nanoparticles having awell-defined surface structure. In this regard, Sun and co-workers [8, 9], based on
a previous contribution [10], illustrated the correlation between surface structure and particle shape by using
the stereographic triangle of a face-centred cubic (fcc) metal (Figure 1). In this way, by simple analogy with the
unit stereographic triangle, the low index or basal planes, located at the three vertices of the triangle, would
be represented by polyhedral nanocrystals/nanoparticles bounded by the corresponding basal facets, i. e. a
cube, an octahedron, and a rhombic dodecahedron corresponding with the {100}, {111}, and {110} basal planes,
respectively. On the other hand, the polyhedra lying on the three sidelines (crystallographic zones) and inside
of the triangle are polyhedra-containing stepped surfaces, that is, surfaces having a terrace-step structure. These
polyhedra are also called high-index faceted nanoparticles, that is, nanoparticles containing surfaces having a
set of Miller indices {hkl} with at least one index being larger than 1 ({hk0}, {hkk}, {hhl}, and {hkl} (h > k > l ≥
1)) and with a surface coordination number being generally equal to or smaller than 7 (the low-index planes
have a coordination number of 9, 8, and 7 corresponding with the {111), {100), and {110) surfaces, respectively).
These high-index-faceted nanoparticles are also known as nanoparticles with high-energy surfaces since the
surface energy (γ) associated with the different crystallographic planes increases in the order γ{111} < γ{100}
< γ{110} < γ{hkl}. Finally, the nanoparticles inside the triangle are characterized by surfaces having kink sites,
which induces intrinsic chirality properties.
Figure 1: Unit stereographic triangle containing polyhedral nanocrystals with different surface planes. Reproduced from
Ref. [9] with permission from The Royal Society of Chemistry.
It is worth noting that all these polyhedra are convex ones. In contrast, concave polyhedra are also possi-
ble by “pushing in” the centres of the corresponding facets/surfaces. However, it should be mention that the
surfaces of these polyhedra are exclusively composed of similar high-index facets regardless of the curvature
of polyhedra (convex or concave). To complete this collection of morphologies, it is important to include the
so-called excavated and also twinned polyhedral structures.
Obviously, the stereographic triangle of polyhedral shapes shown in Figure 1 is exclusively based on geomet-
ric aspects. By incorporating thermodynamic arguments, and considering the γ of the different crystallographic
planes, a metal nanoparticle would tend to have a shape in which the total surface energy is minimized. From
this energetic point of view, a shape exclusively composed by {111} facet, that is, an octahedron, would be the
most favourable one. However, this shape has a larger surface area than a cube of the same volume. Conse-
quently, the Wulff analysis predicts a shape enclosed by a mixture of {111} and {100} facets. In fact, the most
energetically stable shape would be a truncated octahedron with an optimal truncation fulfilling the condition
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of γ(100)/γ(111) = d(100)/d(111), where d represents the distance of the facets from the centre of the particle [11].
In addition, kinetic factors also play a key role and, in general, the resulting shape will determine by the relative
growth rates along the 〈100〉 and 〈111〉 directions. The ratio of these two growth rates is generally defined as R
and changes from 0.58 to 0.87 and eventually to 1.73 for a cube, cuboctahedron, and octahedron, respectively.
Fortunately, this energetic (thermodynamic) and/or dynamic (kinetic) control can be overcome by controlling
a number of experimental parameters such as (i) the use of capping agents (to conveniently modify the surface
energies and inducing the growth in a specific direction), (ii) reaction temperature, (iii) nature and concentra-
tion of reducing agents, (iv) presence of additives, and (v) metal salt precursors, amongmany others, to prepare
nanoparticles with tuned morphologies/shapes.
On the other hand, it is worth noting that these correlations between surface structure and particle shape are
based on ideal polyhedral crystals, that is, polyhedra containing perfect surface facets which is, indeed, a non-
realistic situation. In fact, the real surface of a metal nanoparticle, even a very well-defined one (in terms of size
and shape), is extremely complex and its surface structure will not only be constituted by well-ordered surface
facets of different dimensions but also by a determined amount of surface imperfections (defect, corner, edge,
step, and kink sites), all of them contributing in a different extension (depending on the reaction under study)
to the electrocatalytic activity. This aspect points out the outstanding important of having tools to characterize
in detail the surface structure of a nanoparticle to then establish the correlations between its surface structure
and its electrocatalytic activity. At this respect, a forthcoming section of this chapter will be devoted to the
application of easy electrochemical experiments to gain both qualitative and quantitative information about
the surface structure of the different metal nanoparticles and particularly shaped ones. At this point, it is again
relevant to recall that, from an electrocatalytic point of view, the shape of a nanoparticle is not the key point but
its surface structure.
With all these previous questions inmind, this chapterwill be focused on the application of shape-controlled
metal nanoparticles in electrocatalysis but exclusively from a purely electrochemical point of view. From this
electrochemical perspective, a first section will be dedicated to one of the most critical requirements to per-
form any electrochemical analysis, the surface cleaning. As previously stated, the use of capping or additive
agents is a standard way of preparing shape-controlled metal nanoparticles. However, the presence of these
surface-regulating agents at the surface of the nanoparticles hinders its direct application in electrocatalysis.
Therefore, once the nanoparticles are synthetized, it is mandatory to apply specific decontamination protocols
to completely remove (without altering the initial surface structure of the nanoparticles) the presence, even in
residual amounts, of these agents at the surface of the nanoparticles. This is not a trivial step, and, from our
point of view, this aspect has been underestimated in the extensive literature related to the electrocatalytic prop-
erties of shape-controlled metal nanoparticles. Clearly, this is an innovative section in comparison with other
contributions made by different groups and dealing with the electrocatalysis on shaped metal nanoparticles.
Furthermore, an important section will cover the use of different electrochemical approaches to characterize
the surface structure of distinct types of nanoparticles. Interestingly, this in situ surface structure characteriza-
tion is not only statistically representative (thousands of nanoparticles are simultaneously measured) but also
performed under similar conditions than those that will be used in the electrochemical reaction. It is worth not-
ing that the existing literature reviewing the catalytic or electrocatalytic properties of different shaped metal
nanoparticle consider the particle shape as the key point determining the resulting activity. However, from
an electrochemical point of view, it is well-recognized that it is the surface structure the crucial parameter
controlling the electrochemical reactivity. Consequently, the description of available electrochemical tools to
characterize in detail the surface structure of these shaped metal nanoparticles is an innovative approach in
comparison with previous contributions. To conclude this chapter, a last section containing some of the most
significant advances/results on the use of these shapedmetal nanoparticles in electrocatalysis will be included.
This section will not only cover relevant reactions for low-temperature fuel cells such as formic acid, methanol,
and ethanol electrooxidation or oxygen reduction but also other interesting reactions such as CO2 electroreduc-
tion.
2 Preparationmethods
2.1 Synthesis of shape-controlledmetal nanoparticles
To the best of our knowledge, the first examples of preparation of shape-controlled nanoparticles were achieved
by using gas chemisorption. In 1985, Wang et al. observed that the shape of Pt nanocrystals (supported on an
amorphous SiO2 substrate) was modified in the presence of different gas molecules at 600° C for 24 h [12].
Under these conditions, Pt nanocrystals with a truncated cuboctahedral and cubic shape were obtained when
samples were annealed in N2 and H2, respectively. Similarly, Harris in 1986 observed that cubic Pt nanocrystals
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(supported on Al2O3) were obtained when a H2 atmosphere containing a trace amount of H2S at 500 °C for 16
h was used [13]. These two examples clearly showed that by using some gaseous species able to be adsorbed
in a specific type of facet, the shape of a metal nanocrystal supported on a solid substrate can be effectively
modified.
Going from this gas-phase method to a solution-phase one, El-Sayed and co-workers in 1996 reported the
first example of shape-controlled synthesis of metal nanocrystals in water solution by preparing cubic and
tetrahedral Pt nanoparticles through a chemical reduction of K2PtCl4 by H2 in the presence of sodium poly-
acrylate (NaPa) [14]. Obviously, the employ of solution-phase methods for the synthesis of shape-controlled
metal nanoparticles seems more convenient than the gas-phase ones where limited option of gases, as well as
the use of elevated temperatures, is required. In contrast, in solution phase, there is not only a great availability
of capping agents that can be used for each type of facet, but also the experimental conditions are mild.
From these pioneer contributions and due to the enormous efforts coming from many research groups, the
existing literature contains now an incredible number of methodologies for the preparation of shape-controlled
metal nanoparticles. In this chapter, we are not going to review the innumerable methodologies for the prepa-
ration of shape-controlled metal nanoparticles and the readers interested in this topic are referred to some of
the relevant and excellent reviews exclusively focused on synthetic aspects [15–28].
Among all these different methods, the use of colloidal routes is one of the most employed. This method is
essentially based on the chemical reduction of a metallic precursor in the presence of a capping agent. The role
of this capping agent is extremely important in the process because during the growth step, it can selectively
bind to a specific facet on the nanoparticles, thus altering their surface energies and promoting the formation
of the nanoparticles with a preferential shape that maximizes the expression of that type of facet. Additionally,
the effect of the capping can be also explained from a kinetic perspective, that is, taking into consideration
the relative growth rates of different crystallographic structures. When the capping is adsorbed in a facet, the
subsequent deposition of new atoms onto this facet will be importantly reduced and, therefore, that facet will
have a slower growth rate. Consequently, the resulting nanoparticles will have a preferential shape in which
that facet will be preferentially expressed. Xia et al. [23] schematically illustrated the role of two complementary
capping agents, one for {100} facets and the other for {111} facets during the growth of a truncated octahedral
seed, Figure 2.
Figure 2: Schematic illustration explaining the role of capping agents during the growth of a single-crystal truncated oc-
tahedral seed of an fcc metal. Reprinted with permission from Ref [23]. Copyright (2015) American Chemical Society.
As shown in Figure 2, the resulting shape is determined by the capping agent used. Thus, a cubic crystal is
obtained when a capping agent with a preference for the {100} facets is employed. Contrarily, when a capping
agent with a preference for the {111} facets is introduced, a crystal with an octahedral shape is achieved. Under
this thermodynamic control, different nanoparticles with well-controlled shapes can be obtained. However,
under realistic condition, the capping agent is not the only parameter determining the resulting shape but
also other experimental parameters including temperature, electrolyte, reducing time, nature of the reducing
agent, and some others will play a significant role in defining the final shape obtained which will be ultimately
determined by both thermodynamic and kinetic control [23].
Interestingly, it is also worth noting that some shape-controlled metal nanoparticles can also be prepared
using capping-free methodologies. In this regard, the electrochemical approach initially developed by Sun and
co-workers is particularly interesting [8, 9, 29–31]. Other interesting approaches are capping-free solvothermal
synthesis [32–35], cathodic corrosion [36], or solid-state chemistry methods [37, 38].
2.2 Surface cleanness: a key point in electrocatalysis
It is well-documented that the electrocatalysis on metal single crystals is profoundly marked by the publication
in 1980 of the flame annealing treatment by Clavilier et al. [39] This work represents the starting point from
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which it was possible to correctly understand the relationships between surface structure and electrocatalytic
surface reactivity. Very briefly, this simple and elegant cleaning treatment allows obtaining clean and well-
ordered Pt single-crystal surfaces to be used in electrochemical measurements in a reproducible way [40]. For
instance, this worldwide adapted treatment allowed correlating the voltammetric profile in the so-called hy-
drogen adsorption/desorption region of any Pt single-crystal electrode including basal, stepped, and kinked
surfaceswith their intrinsic surface structure (surface orientation, ordered domains, and population of step and
terrace sites). Consequently, to correctly understand the correlations between particles shape, surface structure,
and electrocatalytic properties with the shaped metal nanoparticles, this cleaning requirement must be fully
satisfied.
This cleaning requirement is obviously facedwith the employ of capping or surface-stabilizing agents which
are fundamental to obtain shaped nanoparticles. Therefore, once shaped metal nanoparticles are synthesized,
these surface-regulating agents must be completely removed from the surface of the shaped nanoparticles [41].
Consequently, the development of effective surface cleaning methodologies capable of removing such capping
or surface-regulating agents from the surface of the corresponding nanoparticles becomes an extremely im-
portant prerequisite to subsequently evaluate their electrocatalytic properties for any reaction of interest. If the
cleaning is not properly performed, the electrocatalytic activity of the nanoparticles will be affected in a non-
controlled way, and non-reproducible and non-comparable results will be obtained. Figure 3 schematically
represents the effect of an incomplete removal of the capping or surface-regulating agents from the surface of
the shaped nanoparticles on their electrocatalytic properties. In addition, there are some important aspects to
mention. The first one deals with the wide variety of capping and/or surface-regulating agents that have been
used for the synthesis of shaped nanoparticles. This fact implies that a “common” cleaning methodology is not
available, and a specific decontamination must be developed, optimized, and tested for each capping agent. In
this way, each specific cleaning will basically depend on two main parameters such as (i) the chemical nature
of the capping agent and (ii) its interaction with the surface of the shaped nanoparticles, the latter being also
affected by the nature of the metal as well as by their surface structure. On the other hand, it is worth noting
that this decontaminationmethodmust be able to remove the capping agents but without affecting the intrinsic
surface structure of the nanoparticles. This point will be exemplified and discussed in a forthcoming section.
Figure 3: Schematically representation of the importance of having clean shaped metal nanoparticles. Reprinted from Ref.
[41], Copyright (2017) with permission from Elsevier.
2.2.1 Electrochemical probes for surface cleanness evaluation on shapedmetal nanoparticles
Once discussed about the mandatory requirement of having shaped nanoparticles with clean surfaces to prop-
erly study their electrochemical properties, the question now is how to evaluate this surface cleanness. Fortu-
nately, and again from previous knowledge of surface electrochemistry on metal single crystals, it is possible
to perform some electrochemical analysis to evaluate this surface cleanness. For Pt and Pd surfaces, it is widely
accepted that the so-called hydrogen region (involving the hydrogen and anion adsorption–desorption states)
obtained in 0.5 M H2SO4 solution is a very sensitive process for the evaluation of the level of cleanness of the
surface [2, 3, 40, 42–45]. Very briefly, if the voltammetric profile displays well-defined contributions, in terms
of sharpness and reversibility (between desorption vs. adsorption states), that is an indisputable proof of the
adequate cleanness of the surface. To illustrate that, Figure 4 shows the voltammetric profiles in the so-called
hydrogen region obtained with (a) clean and [46] (b) contaminated [47] cubic and octahedral/tetrahedral Pt
nanoparticles both obtained in 0.5 MH2SO4. The sharpness and reversibility of the adsorption desorption states
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showedwith clean samples clearly contrast with the poor definition of the voltammetric features obtained with
contaminated samples are evaluated.
Figure 4: Cyclic voltammograms corresponding with (a) clean cubic (black line) and octahedral (red line) Pt nanoparticles
(data taken from Ref. [46]) and with (b) contaminated cubic (blue dashed line) and octahedral (red dotted line) Pt nanopar-
ticles (a commercial Pt black (black solid line) is also included) obtained in 0.5 MH2SO4 at 50 mV s−1. Reproduced from
Ref. [47] with permission from The Royal Society of Chemistry.
Obviously, for shape-controlled Pt and Pd-based alloy and/or core-shell nanoparticles (this is one of the
hot topics in electrocatalysis), the evaluation of the surface cleanness through the so-called hydrogen region is
muchmore complex due to the intrinsic complexity of the surfaces [48–50]. However, at least, one should verify
that monometallic samples, prepared in similar conditions than those used for the synthesis of the shaped alloy
and/or core-shell nanoparticles, display the voltammetric features corresponding to clean surfaces.
For Au surfaces, the situation is little bit more difficult due to the inexistence of hydrogen adsorption–
desorption features on this metal. An interesting alternative is the analysis of the voltammetric profile of the
oxide region based on previous contributions by Hamelin et al. [51, 52] with Au single-crystal electrodes. This
analysis has been already used with different shape-controlled Au nanoparticles containing both low- and
high-index surfaces [53–55]. However, it is important to mention that for all these Au surfaces, the voltammet-
ric profile in the oxide region as well as the charge involved in both the surface oxide process and its subse-
quent surface reduction should remain stable during the first cycles (about five cycles). In this sense, it is worth
recalling that, at these high potential values, the organic impurities can be electrochemical oxidized, thus in
situ cleaning the surface. However, this electrochemical surface oxidation/reduction cleaning also perturbs the
surface structure and, as shown with gold single-crystal electrodes [56, 57], the well-defined surface structure
of the Au single-crystal electrodes is clearly modified with the electrochemical oxidation/reduction cycles. In
this way, despite the structural changes induced by a single-oxidation cycle with gold surfaces are remarkably
smaller than those observed for Pt electrodes [58], this surface oxidation/reduction cleaning treatment should
not be performed.
Also, by using different underpotential deposition (UPD) processes, some information about the surface
cleanness can be also deduced. Among others, lead (Pb) UPDonAu [59–65] and copper (Cu)UPDon Pd [66–68]
and Pt [69, 70] are particularly interesting. Figure 5 displays the corresponding Pb UPD features obtained with
clean and contaminatedAu nanoparticles [63]. As previously discussed, through the analysis of the definition of
the different voltammetric features, relevant information about the cleanness of the surface can be extracted.
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Figure 5: Voltammetric profiles corresponding with clean (solid line) and contaminated (dashed line) Au nanoparticles ob-
tained in 0.1 MNaOH + 10−3  M Pb(NO3)2 at 50 mV s−1. Reprinted from Ref. [63], Copyright (2014) with permission from
Elsevier.
With all these previous aspects in mind, in the following section, we will summarize some of the most
representative decontamination protocols that have been verified, particularly using electrochemical probes,
and applied to different shape-controlled metal nanoparticles.
2.2.2 Surface cleaningmethodologies for shape-controlledmetal nanoparticles
The first examples of clean shaped metal nanoparticles were reported by our group in 2004 [71, 72]. In brief,
cubic Pt nanoparticles prepared in the presence of NaPA were cleaned by direct addition of some NaOH pel-
lets to the colloidal suspension. The addition of the NaOH induces the destabilization of the colloid and the
nanoparticles precipitate. The samples are then collected and washed a couple of times with ultrapure water.
The clean cubic Pt nanoparticles were finally stored in ultrapure water. The same cleaning protocol was applied
later to cuboctahedral and tetrahedral–octahedral Pt nanoparticles prepared using a similar methodology (us-
ing NaPA as capping agent). The effectiveness of the cleaning was evidenced by the definition and reversibility
of the cyclic voltammograms in the so-called hydrogen region obtained in 0.5 MH2SO4.
This cleaning protocol was found to be also effective with cubic Pd nanoparticles prepared in the presence
of cetyltrimethylammonium bromide (CTAB) [73–75]. Interestingly, Coutanceau and co-workers also verified
that this alkaline cleaning protocol was again effective, in this case, with cubic Pt nanoparticles prepared using
tetradecyltrimethylammoniumbromide (TTAB) as capping agent [76, 77]. The electrochemical response of these
TTAB-prepared cubic Pt nanoparticles in 0.5 MH2SO4 was essentially similar to that observed with the NaPA-
prepared cubic Pt nanoparticles [46, 78–80], thus pointing out that, independent of the synthetic methodology
used, and particularly the chemical nature of the capping agent employed, similar nanoparticles must display
similar voltammetric features if they are properly cleaned.
Unfortunately, this cleaning protocol did not provide satisfactory results with shaped Pt nanoparticles pre-
pared with polyvinylpyrrolidone (PVP) [76, 81–83]. In these contributions, the absence of well-defined voltam-
metric features denoted the important presence of residual PVP blocking the surface sites. The PVP is one of the
most usual capping agents for the preparation of shape-controlled metal nanoparticles [84] and, to the best of
our knowledge, the first evidence of clean shape-controlled Pt nanoparticles prepared with PVPwas published
by Koper and co-workers [85] by employing a H2O2/H2SO4 solution to remove the PVP. They claimed that
the PVP removal was physically removed from the surface of the nanoparticles by the oxygen bubbling pro-
duced during the decomposition of the H2O2. Subsequently, Levendorf et al. proposed a new protocol to obtain
PVP-free cubic and octahedral/tetrahedral Pt nanoparticles using an adapted liquid phase UV photo-oxidation
technique [86]. In this case, after different washing steps with different solvents – acetone, ethanol–hexane mix-
tures, and ethanol – the ethanolic suspension containing the nanoparticles was initially alkalinized. This basic
solution containing the nanoparticles was UV irradiated (254 nm) for 1 h, while about 1 mL of O2-saturated
H2O2 solution was added to the solution every 10 min. After that, the solution containing the nanoparticles
was finally purified by repetitive centrifugation and precipitation with ethanol. The voltammetric profiles of
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these shaped Pt nanoparticles recorded in 0.5 MH2SO4 as well as TGA analyses evidenced the effectiveness of
the cleaning protocol proposed.
Later, Yang et al. proposed an alternative electrochemical cleaning procedure to obtained clean shape-
controlled Pt nanoparticles prepared with PVP and also with oleylamine/oleic acid [87]. The removal of the
different capping agents was achieved by cycling the samples (initially washed with a NaOH saturated ethano-
lic solution (PVP samples) or with a hexane/ethanol mixture (oleylamine/oleic acid samples), and finally re-
dispersed in ethanol and hexane, respectively) between 0 and 1.0 V (vs. RHE) in 0.5 MNaOH at a scan rate of 0.5
V s–1 for at least 100 cycles. The sample was then transferred to an electrochemical cell containing 0.5 MH2SO4
where, by regarding the so-called hydrogen region, the cleanness of the surface was evaluated. The results ob-
tained indicated that both PVP and oleylamine/oleic acid could be effectively removed from the surface of the
nanoparticles.
Very interestingly, Coutanceau and co-workers [88, 89] reported a much easier method to clean shaped con-
trolled Pd nanoparticles prepared with PVP. This protocol is essentially similar to the alkaline cleaning one but
using a significantly higher NaOH concentration. Briefly, the PVP-colloidal suspension containing the shaped
Pd nanoparticleswas dilutedwithH2OafterwhichNaOHwas added until getting a 1 MNaOHsolution. Under
these conditions, the nanoparticles were collected by precipitation and washed with water. The voltammetric
profiles obtained in 0.5 MH2SO4 displayed characteristics features of clean samples.
Neergat and co-workers reported two new cleaning protocol s for the removal of PVP and others surface-
regulating additives such as Br–, Cl–, and citrate ions employed during the preparation of shape-controlled
Pd nanoparticles [90, 91]. After some preliminary cleaning steps for the removal of the excess of chemicals,
the samples were subsequently treated with tert-butylamine (TBA) [91] or NaBH4 [90] and finally collected by
centrifugation andwashedwith different solvents (ethanol or water). However, and despite some improvement
in terms of cleaning (about a 90 % cleaningwas estimated) and consequently on their electrocatalytic properties
(enhanced ORR activities), the samples were not completely clean as deduced from CHN analyses.
Luo et al. employed a combined TBA/NaBH4 cleaning to produce clean Pt-Pd nanocubes obtained in the
presence of PVP [92]. The removal of the PVPwas carried out by dispersing the nanoparticles in a TBA/NaBH4
aqueous solution (NaBH4/TBA/water, 1.9 mg/20 mL/5 mL) for 30 min under continuous stirring and at room
temperature. The sample was then collected by centrifugation and washed with an ethanol/acetone mixture.
In this case, the surface cleaning was confirmed by Raman and FTIR studies, and the electrocatalytic activity
of the clean Pt–Pd nanocubes towards methanol oxidation in 0.1 MHClO4 displayed an evident enhancement.
Arán-Ais et al. presented a newmethodology to clean various shape-controlled Pt nanoparticles prepared in
oleylamine/oleic acid [93]. The different shaped Pt nanoparticles were initially washed with a hexane/ethanol
mixture and then with a methanolic solution containing NaOH. After complete precipitation of the nanopar-
ticles, the sample was washed with acetone. This treatment was repeated at least three times, after which the
sample was washed and stored in ultrapure water. Subsequently, the samples were electrochemically charac-
terized in 0.5 M H2SO4 displaying well-defined voltammetric features. Interestingly, as shown in Figure 6, if
the shaped Pt nanoparticles were not conveniently cleaned, they showed a voltammetric profile with a poor
definition as a consequence of their insufficient surface cleanness.
Figure 6: Voltammetric profiles obtained with cubic Pt nanoparticles after being treated with different cleaning protocols.
Test solution: 0.5 MH2SO4. Sweep rate: 50 mV s−1. Reprinted from Ref. [93] with permission from John Wiley and Sons.
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More recently, Oezaslan et al. reported two novel approaches to clean Pt nanocubes obtained in the presence
of PVP [94, 95]. In the first case [94], they proposed an electrochemical cleaning for the removal of the capping
agent. Thus, after testing different supporting electrolytes (pH~ 1, 0.1 M HClO4 and pH~ 13, 0.1 M NaOH) as
well as different upper potential limits (0.8, 1.0, 1.2 and 1.4 V/RHE), they stated that the electrochemical cycling
(200 cycles at a scan rate of 200 mV s−1) up to 0.8 V in 0.1 M HClO4 was the most convenient one in terms of
cleaning and particle shape stability. In a subsequent contribution, they incorporated an optimized washing
step before electrochemical cleaning [95]. Based on FTIR results, they suggested that a washing process in
methanol/ethanol (3:1) significantly removed the physisorbed PVP. After this washing step, the samples were
electrochemically treated by cycling between 0.06 and 1.0 V vs. RHE for 200 cycles in an Ar-saturated 0.1 M
HClO4 solution.
For shape-controlled Au nanoparticles, the electrochemical deposition of a PbO2 film in alkaline solution
[63–65, 96] has been shown to be a very effective cleaning protocol. In brief, the cleaning consists in cycling the
gold nanoparticles in the Pb2+ containing alkaline solution from 0.25 to 1.70 V (vs. RHE) to form the PbO2 film.
The electrocatalytic properties of the PbO2 film for the oxidation of organic species contribute to the removal of
the capping agents used. Interestingly, and despite the high potential values, this process preserves the surface
structure of the nanoparticles as it was demonstrated with both single-crystal and polyoriented Au electrodes
[65]. This cleaning protocol has been successfully used for different shaped Au nanoparticles prepared using
very different capping agents including polyethylene glycol dodecyl ether (Brij®30) [63], CTAB [55, 64], and PVP
[97], among others. For instance, Hassel et al. applied this cleaning methodology to different Au nanoplates
prepared with PVP [97]. As illustrated in Figure 7, the good definition of the voltammetric profile for the Pb
UPD process obtained with the clean samples in comparison with the contaminated ones clearly point out the
effectiveness of this cleaning process.
Figure 7: CV profiles of (a) {110} and (b) {111} Au nanoplates in 0.1 MNaOH+ 10−3  M Pb(NO3)2 before and after ECO.
Scan rate: 20 mV s−1. Reprinted from Ref. [97] with permission from John Wiley and Sons.
Lee and co-workers used an O2 plasma treatment to obtain clean gold nanocrystals prepared with PVP
[54, 98]. After the cleaning, the cubic and octahedral gold nanocrystals displayed well-defined voltammetric
features in the surface oxide region which were completely missing before the oxygen plasma treatment.
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3 Characterizationmethodologies
3.1 Electrochemical probes for the characterization of the surface structure of the shapedmetal
nanoparticles: qualitative andquantitative approaches
As discussed in the previous section, by using some electrochemical probes, the surface cleanness of differ-
ent shaped metal nanoparticles can be easily visualized. However, these electrochemical probes can be also
employed to gain relevant and very detailed information about the surface structure of the different nanoparti-
cles. Thus, in this section, we will describe some of the most interesting electrochemical analysis to characterize
the surface structure of the shaped metal nanoparticles. For Pt and Pd surfaces, it is well-recognized that the
voltammetric profile in the so-called hydrogen region obtained in 0.5 MH2SO4 solution can be taken as finger-
print of their crystalline surface structure [99]. In this way, by simple inspection of the relative intensity of the
different voltammetric features present in this hydrogen region, one can directly obtain qualitative information
about the surface structure of the sample, that is, about the different active sites present on the surface. To il-
lustrate the case, and focusing exclusively on Pt, Figure 8 shows the voltammograms obtained in 0.5 MH2SO4
with quasi-spherical, cubic, octahedral/tetrahedral, and truncated octahedral Pt nanoparticles [46]. First, as
mentioned in the previous section, the well-resolved hydrogen peaks point out the correct surface cleanness
of the shaped Pt nanoparticles. Then, it is obvious that the voltammetric responses of the samples are clearly
different. As extensively described in previous contributions, and based on Pt single-crystal surfaces, the main
voltammetric features are (i) the peak at 0.12 V, which is related to {110}-type sites; (ii) the peak at 0.27 V, which
contains two contributions from (100) step sites on {111} terraces and the sites close to the steps on the {100}
terraces; (iii) the signals at 0.35–0.37 V attributed to ordered {100} terraces; and (iv) the signal at 0.5 V, related
to the ordered {111} terraces. As expected, all these voltammetric profiles can be perfectly correlated with those
reported with Pt single-crystal electrodes [99].
Figure 8: Representative voltammetric profiles of (a) quasi-spherical, (b) cubic, (c) octahedral/tetrahedral, and (d) trun-
cated octahedral Pt nanoparticles obtained in different supporting electrolytes at 50 mV s−1. Data taken from [46].
In this way, and from the relative distribution of charge among the voltammetric peaks, it is possible to get
a qualitative analysis of the relative distribution of electrochemically available Pt sites present at the whole sur-
face of each type of sample [99, 100]. Figure 9 schematically illustrates the correspondence between the voltam-
metric features and the different types of active sites present at the surface of a Pt nanocube. By performing a
similar analysis, but using the voltammetric profiles displayed in Figure 8, it is now consistent to correlate the
particle shape with the corresponding surface structure and the quasi-spherical, cubic, octahedral/tetrahedral
and truncated octahedral Pt nanoparticles present a polyoriented, (100), (111), and (100)-(111) preferentially
oriented surface structure, respectively. These results are in good agreement with what it would be expected
from the correlation between surface structure and particle shape by using the stereographic triangle of a fcc
metal (Figure 1). However, it is also evident that the surface of all these Pt nanoparticles is very complex and
it does not contain only a single type of surface sites, but all the adsorption–desorption states are observed
but presenting a different contribution as a function of their particular surface structure [101]. In addition, it
10
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is worth noting that these surfaces always present a determined number of surface defects (corner, edge, step,
and kink sites) also contributing to the resulting voltammetric profile.
Figure 9: Characteristic voltammetric profile and atomic model of (100)-preferentially oriented Pt nanoparticles in 0.5
H2SO4, showing bevelled and truncated edges and its correspondence with the different voltammetric features. Reprinted
from Ref. [101], Copyright (2018) with permission from Elsevier.
Analogue studies can be also performed in other supporting electrolytes (0.1 M NaOH and 0.1 M HClO4),
although these media are less convenient for the analysis of the surface structure of the shaped Pt nanoparti-
cles due to the overlapping of some voltammetric features [46]. Finally, it is worth mentioning that the overall
charge involved in the so-called hydrogen region is also known to be proportional to the total amount of sur-
face Pt atoms and, therefore, the integrated charge obtained from the CV can be used to properly calculate the
electroactive surface area of the Pt nanoparticles. A similar analysis between the voltammetric profile in the
hydrogen region obtained in different supporting electrolytes and the surfaces structure of the electrodes is
also possible for Pd surfaces. Readers interested in this topic are referred to [49].
As previously stated, the surface cleaning must be performed without perturbing the surface structure of
the nanoparticles. In this way and considering the high sensitivity of the hydrogen region to the surface struc-
ture, this reaction can help to verify if the cleaning protocol alters or not the surface structure of the sample.
To exemplify this question, Vidal et al. [102] electrochemically showed that the UV/ozone cleaning protocol
strongly perturbed the surface structure of different shaped Pt nanoparticles. However, in agreement with So-
morjai and co-workers [103–105] for shaped Pt nanoparticles and with Kiwi-Minsker [106] with PVP-stabilized
Pd nanocubes, neither the shape nor the size of nanoparticles was affected by the treatment. This contribution
clearly evidenced that the key parameter determining the resulting catalytic or electrocatalytic activity is the
surface structure but not the shape of the nanoparticles, Figure 10.
Figure 10: Schematic representation showing two Pt nanoparticles with a similar particle shape (octahedron) but distinct
surface structure. Reprinted from Ref. [102], Copyright (2011) with permission from Elsevier.
On the other hand, from the analysis of the oxide formation region, some information about the surface
structure can be extracted particularly for Au and Pd surfaces. For Au surfaces, the voltammetric profile of the
surface oxide region displayed characteristics features that can be assigned to specific surface structures. This
11
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analysis is again based on Au single-crystal electrodes [51, 52] and it has been already employed for the charac-
terization of the surface structure of different shape-controlled Au nanoparticles [53–55]. For instance, Figure
11 shows the cyclic voltammogram of octahedral, truncated octahedral, and truncated tetrahexahedra (THH)
Au nanocrystals obtained in 0.5 MH2SO4 solution [53]. From the different voltammetric features appearing in
the surface oxide region and based on the previous information gained with Au single-crystal electrodes, the
correlations between particle shape and surface structure of the gold nanocrystals can be properly established.
Monzó et al. performed a similar analysis of the oxide formation region in alkaline solution [55]. Cubic and oc-
tahedral Au nanoparticles displayed distinct voltammetric features in this region which were compared with
those previously reported with Au single-crystal electrodes.
Figure 11: Cyclic voltammogram of octahedral, truncated octahedral and truncated tetrahexahedra (THH) Au nanocrys-
tals obtained in 0.5 MH2SO4 solution. Sweep rate 50 mV s–1. Reprinted from Ref. [53], Copyright (2014) with permission
from Elsevier.
The employ of some UPD processes to characterize the surface structure of different shapedmetal nanopar-
ticles is also a very interesting approach because these processes are very sensitive to the surface structure of
the electrodes [107, 108]. For instance, Pb UPD has been extensively used on different shaped Au nanoparticles
[55, 64, 65, 97, 109–111]. As shown in Figure 12, the Pb UPD displays distinctive features as a function of the
surface structure of the shaped Au nanoparticles. The figure clearly shows a preferential {100} and {111} surface
structure for the (C) cubic and (D) octahedral Au samples, respectively. However, for the spherical samples,
and independently of their particle size, the Pb UPD profile shows the characteristic response of a polyoriented
surface structure.
Figure 12: Pb UPD voltammetric profiles of the unsupported gold nanoparticles in Ar-saturated 0.1 MNaOH containing
10−3  M Pb(NO3)2: (A) spherical 5 nm, (B) spherical 30–40 nm, (C) cubic, and (D) octahedral nanoparticles. Scan rate: 50
mV s−1.
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Also, Cu UPD has been used for shaped Pd nanoparticles, particularly for Pd nanocubes [112–114]. In addi-
tion, these UPD processes can be also used to calculate the real area of the electrode from the charge involved
in the UPD reaction and subsequently normalized with a specific charge density normalization (generally ob-
tained from a polyoriented surface).
Up to now, the different surface structure electrochemical probes discussed are essentially qualitative, that
is, from the relative intensity of the characteristic features, it is possible to visualize which surface structure
is preferentially present at the surface of the shaped metal nanoparticles. However, it would be much more
desirable to have some electrochemical surface probes to quantitatively analyse the surface structure of the
nanoparticles. Thus, in the following, we will summarize some of the different approaches proposed for the
quantitative characterization of the surface structure of the shapedmetal nanoparticles. For Pt surfaces, different
alternatives have been reported. Feliu and co-workers proposed a methodology based on the redox behaviour
of some adatoms, (Bi, Te, and Ge) spontaneously adsorbed at the surface of different Pt single crystals [99].
They found that Bi [115, 116] and Te [117] were sensitive to the presence of {111} terrace domains, while Ge
[118] was sensitive to the {100} ordered domains. Interestingly, by using basal planes and stepped surfaces,
they observed a linear correlation between the specific response of the adatom and the terrace density of the
different Pt electrodes (Figure 13). In this way, for any Pt surface, after performing the Bi and Ge experiments,
and using these calibration plots, the quantification of the {111} and {100} oriented domains present at the
surface is possible.
Figure 13: (a) Charge density values of the bismuth redox peak vs. the charge associated with the (111) sites on the ter-
race. (■) Pt(n, n, n−2) electrodes; (○) Pt(n + 1, n−1, n−1) electrodes. (b) Charge density values of the germanium redox
peak vs. the charge associated with the (100) sites on the terrace: (■) Pt(2n−1, 1, 1) electrodes; (○) Pt(n, 1, 0) electrodes.
Reproduced from Ref. [99] with permission from The Royal Society of Chemistry.
This methodology has been satisfactorily applied to quantify the {111} and {100} oriented domains at the
surface of different shape-controlled Pt nanoparticles [99, 116] and it is now worldwide adapted [119–124].
Using a similar concept, other surface structure-sensitive reactions have been proposed including the desorp-
tion–adsorption of hydroquinone-derived adlayers (Figure 14) [125] and the reduction of acetaldehyde [126]
for {111} domains, and the ammonia electrooxidation [127] for {100} domains.
13
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Figure 14: (a) Cyclic voltammograms of different shaped Pt nanoparticle in 2 mMH2Q + 0.5 MH2SO4 solution: (i) thick
dashed line (green) for nano-Pt(111)-(110), (ii) medium-thickness solid line (purple) for nano-Pt(111)-(100), and (iii) thin
solid line (blue) for nano-Pt(100). Scan rate 50 mV s−1. Insets show (b) the cathodic peak current densities, (c) the anodic
peak current densities, and (d) the total anodic charge densities as a function of the density of {111} surface sites, ex-
pressed as a percent of the electrochemically available surface in each sample. Reprinted with permission from Ref [125].
Copyright (2010) American Chemical Society.
For Au surfaces, El-Deab et al. [128–131] showed that the reductive desorption of different thiol compounds
such as cysteine, mercaptoacetic acid, or cystamine can be used to obtain the fraction of the surface sites in
various gold nanostructures. In this regard, it is worth noting that although the Pb UPD has been widely used
for different shaped Au nanoparticles, to the best of our knowledge, a quantitative analysis of this Pb UPD
voltammetric profile is still missing.
Similarly, but for Pd surfaces, Cu UPD can be used to quantify the {100}, {110}, and {111} surface domains.
To illustrate this analysis, Figure 15 shows the Cu UPD obtained with Pd nanocubes also including the corre-
sponding fitting using five Lorentzians located at the characteristic contributions of the {100}, {110}, and {111}
surface domains (based on similar experiments on Pd single crystals [132, 133]). The percentage of sites of a
given surface is calculated by normalizing the area under its corresponding signal also taking into consideration
the calculated charges for a complete Cu monolayer on Pd(111), Pd(100), and Pd(110) single crystals (486, 421,
and 297 µC cm−2, respectively). In this particular case, the percentage of {100} surface sites on the Pd nanocubes
was found to be 57 ± 3 % [113].
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Figure 15: Cu UPD fitting on the Pd nanocubes. Test solution 0.1 MH2SO4 + 1 mM CuSO4 + 1 mMNaCl, scan rate 50 mV
s−1. Reproduced from [113] with permission of the International Union of Crystallography.
Obviously, it isworth noting that all these previousmethodologies are particularly interesting for puremetal
nanoparticles (Pt, Pd, and Au). However, it is also evident that the increasing use of more complex systems in-
cluding alloys, core-shell, nanoframes, high-index-faceted (convex or concave) and excavated metal nanoparti-
cles, among others, makes this electrochemical surface structure characterization including a correct determi-
nation of the electroactive surface area [48–50, 134] much more difficult. These are remaining challenges to be
overcome in the forthcoming years.
3.2 Electrocatalysis on shape-controlledmetal nanoparticles: representative cases for relevant
electrochemical reactions
In this next section, we will review some of the most relevant advances on the use of shape-controlled metal
nanoparticles in electrocatalysis. This section will cover reactions of interest for low-temperature fuel cells such
as formic acid, methanol and ethanol electrooxidations and oxygen reduction, and also other relevant electro-
chemical reactions such as CO2 electroreduction. However, it is worth mentioning that this section will only
include contributions that fulfil with the requirement of surface cleanness and that contribute to a better un-
derstanding of the correlations between surface structure/shape and electrochemical reactivity.
To the best of our knowledge, the first examples of shape-controlled metal nanoparticles in electrocatalysis
were reported by our group in 2004 [71, 72]. In these contributions, we synthetized cubic Pt nanoparticles us-
ing a similar methodology to that described in 1996 by El-Sayed and co-workers [14] and based in a chemical
reduction of K2PtCl4 by H2 in the presence of NaPA. As expected from Figure 1, the cubic Pt nanoparticles
displayed a preferential {100} surface structure as deduced from the voltammetric profile of the nanoparticles
obtained in 0.5 MH2SO4. The cubic Pt nanoparticles were tested towards ammonia electrooxidation in alkaline
solution and showed an enhanced activity due to extreme sensitivity of this reaction to the presence of {100}
sites as illustrated from Pt single-crystal studies [135, 136]. These results clearly evidenced that by tuning the
surface structure of the nanoparticles by means of controlling their particle shape, improved electrocatalytic
activity were achieved. From these first examples, many other contributions have been and are being currently
published reporting a clear correlation between particle shape and or surface structure and enhanced electro-
catalytic activities. In fact, there already exist several and excellent reviews related to the application of shaped
metal nanoparticles for different electrocatalytic reactions [6, 7, 20, 137–150].
4 Formic acid electrooxidation
Formic acid electrooxidation is a very valuable reaction, not only because it is a model reaction for a two-
electron-transfer reaction, but also for its possible use as fuel in the so-called direct formic acid fuel cells
(DFAFCs) [5, 151–153]. On metal surfaces, this process is accepted to proceed through a dual path mechanism
[154–156]: a direct pathway via an adsorbed active intermediate (the nature and role of this active intermediate
are still under strong discussion at fundamental level) that readily yield to CO2, and a second pathway involv-
ing the formation of adsorbed CO, which is considered to be a poisoning intermediate, that is subsequently
oxidized to CO2 at high overpotentials. On Pt surfaces, both reaction paths are structure sensitive, and the
Pt(100) surface is the most active but also the most sensitive to the CO poisoning [152]. This surface structure
sensitivity was first observedwith shape-controlled Pt nanoparticles by Tian and co-workers [29] who reported
that tetrahexahedral (THH) Pt nanocrystals displayed, in comparison with polycrystalline Pt nanospheres and
commercial Pt/C catalyst (E-TEK Co., Ltd), a clear enhanced activity (about 4 and 3 times higher than for the
nanospheres and the commercial catalyst, respectively).
The effect of the presence of {100} Pt domains at the surface of the nanoparticles was subsequently ex-
plored by our group by using cubic Pt nanoparticles [78, 157]. In brief, spherical, cubic, cubo-octahedral, and
tetrahedral-octahedral Pt nanoparticles were prepared in the presence of NaPA and employed towards formic
acid electrooxidation. As expected, we observed clear similarities between the response of the nanoparticles
and those obtained with the model Pt surfaces. In particular, the cubic Pt nanoparticles, that is, those nanopar-
ticles having a preferential (100) orientation showed the highest activity as well as the fastest CO poisoning in
good agreement with previous single-crystal experiments [152].
Since these initial works, some other contributions have reported enhanced activities towards formic acid
electrooxidation by using shaped Pt nanoparticles including concave Pt nanocrystals having {411} high-index
facets [158], trapezohedral (TPH) Pt nanocrystals enclosed by {522} high-index facets [159], highly concave Pt
15
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nanoframes [160], truncated octahedral, cuboctahedral, and cubic shape-controlled (< 10 nm) Pt nanoparticles
[34], and concave Pt nanocubes [161], among others.
Shape-controlled Pd nanoparticles have been also extensively used for formic acid electrooxidation due to
their unique properties. On Pd surfaces, the dehydration step is strongly hindered (CO is not spontaneously
formed) and, therefore, the reaction directly proceeds through the direct path. In addition, the onset oxidation
potential is about 200 mV lower than that observed for Pt [153, 162]. Also, the reaction is structure sensitive
and the Pd(100) was found to be the most active surface among the basal planes, both in sulphuric and in per-
chloric acid solutions [163, 164]. In this regard, Jin et al. [112] and Zhang et al. [165] reported the first examples
of shaped Pd nanoparticles towards formic acid electrooxidation. Jin et al. evaluated a collection of shaped Pd
nanoparticles including cubes, truncated cubes, cuboctahedra, truncated octahedra, and octahedral [112]. As
expected from single crystals, the activity was found to be dependent on the fraction of {100} domains, and
the cubic nanoparticles displayed the highest activity, Figure 16. Similarly, Zhang et al. employed rhombic do-
decahedra and cubic Pd nanoparticles and again the cubic ones displayed the highest electrocatalytic activity
towards formic acid electrooxidation [165].
Figure 16:Maximum current densities for formic acid electrooxidation (normalized to the electrochemical surface area)
for different shaped Pd nanoparticles in 0.1 MHClO4 + 2 MHCOOH at 10 mV s−1. The inset shows their corresponding
peak potentials. Reproduced from Ref. [112]with permission from The Royal Society of Chemistry.
Different contributions were subsequently reported using very different shaped Pd samples including,
among others, cubic and spherical Pd nanoparticles [75]; different concave Pd nanocrystals (nanocubes, five-
fold twinned nanorods and right bipyramids) [166]; twinned icosahedra, cubic and octahedral Pd nanopar-
ticles [167]; cubic, octahedra, icosahedra, and right bipyramids [168–170]; monodispersed (50 nm) palladium
nanocrystals, including cubes, octahedral, and rhombic dodecahedra [171]; length tuneable penta-twinned Pd
nanorods [172]; tetrahedral Pdnanocrystals [173]; cubes [174]; penta-twinnedPdnanowires [175]; and branched
Pd nanoparticles [176].
The incorporation of a second element both on Pt and on Pd surfaces is a classical approach to enhance their
electrocatalytic properties towards formic acid electrooxidation [153, 177, 178]. The resulting enhancements can
be justified by third-body, electronic, and/or bifunctional effects. Third-body effects take placewhen the second
element acts as a mere spectator, blocking certain surface sites, thus effectively inhibiting some undesired reac-
tions. On the other hand, electronic effects happen when the second element changes the electronic properties
of the bare surface. In this aspect, the so-called d-band centre model [179] is widely accepted and explains the
possible modifications of the electronic properties and binding energies of a transition metal surface, after the
incorporation of a second metal, and their correlations with the resulting catalytic activity. Finally, bifunctional
effects take place if the secondmetal facilitates the reactionmechanism by providing some functional groups at
low potentials. Obviously, this strategy has been also employed with shape-controlled metal nanoparticles by
exploring two different approaches: (a) shape-controlled Pt or Pd alloy-based nanoparticles and (b) decoration
of the surface of the shaped Pt and Pd nanoparticles with different adatoms.
Several and outstanding contributions have been reported on the use of shape-controlled Pt and Pd alloy
nanoparticles towards formic acid electrooxidation [21, 139, 143, 144, 180]. These contributions include PdPt
alloy nanocubes with tunable compositions [181], Pt3Fe nanocubes [182], PtCu nanocubes of different atomic
composition (PtxCu100-x (x= 54–80 atomic%)) [183, 184], Pt-Cu nanooctahedra [185, 186], PtMnnanocubes [187],
different polyhedral AuPd core-shell structures (60–80 nm) having high-index facets (concave trisoctahedral
(TOH) andhexoctahedral (HOH) crystals bothwith {hkl} facets andTHHcrystalswith {hk0} facets)) [188],HOH
AuPd alloy nanoparticles [189], THH PdPt alloy nanocrystals [190], excavated rhombic dodecahedral (ERD)
16
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PtCu3 alloy nanoparticles[191], cubic Pd–Ni–Pt core-sandwich-shell nanoparticles [192], and PdCu bimetallic
tripods [193], among many others. Obviously, the optimal atomic composition and particle shape depends on
each specific system.
On the other hand, the use of certain adatoms to selectively decorate the surface of different shape-controlled
metal nanoparticles towards formic acid electrooxidation has been also explored in different contributions. Feliu
and co-workers employed different adatoms including Bi [194, 195], Pd [196, 197], Sb [198], and more recently
Tl [199] and Pb [200] as surface modifiers on different shaped Pt nanoparticles. Sun and co-workers also used
Bi [194] and Au [201] with THH Pt nanocrystals. Improved electrocatalytic activities were obtained in all these
cases, although the enhancement factor is determined by the surface structure of the substrate and the nature
and coverage of each adatom.
Using a similar concept, Yang and Lee reported a very interesting approach by which the surface of gold
octahedral nanocrystals was decorated with the epitaxially deposited Pt atoms [54]. In this case, the shaped
gold nanoparticles acted as substrate to control the Pt deposition which varied from fully covered multiple
overlayers (about 5 monolayers) to atomically dispersed sub-monolayer (0.05 monolayer). The electrocatalytic
activity of the Pt modified gold nanoparticles was found to be strongly dependent of the Pt coverage and, for a
Pt coverage of about 0.05 monolayer, a huge enhancement was observed.
5 Methanol electrooxidation
Methanol electrooxidation is also of great interest for fuel cell applications [5, 202]. On metal surfaces, this
reaction is also known to be sensitive to the surface structure [203–205] and therefore, many different shaped
controlled metal nanoparticles have been evaluated. For Pt nanoparticles, we clearly showed the effect of the
shape/surface structure of the nanoparticles by using cubic, octahedral/tetrahedral, and truncated octahedral
Pt nanoparticles (about 8–10 nm) prepared with NaPA [78]. The results obtained indicated that the octahedral
Pt nanoparticles displayed the highest activity towards methanol electrooxidation in 0.5 MH2SO4 solution.
Chen et al. studied very small (about 3.5 nm) cubic Pt nanoparticles prepared in the absence of surfactant
[206]. The activity of the cubic nanoparticles towards methanol oxidation in KOH solution was found to be
significantly higher than that obtained with a commercial Pt/C catalyst.
Interesting contributions have been reported for Pd nanoparticles due to their intrinsic CO tolerance. Arjona
et al. prepared 10 nm cubic Pd nanoparticles and reported an enhanced activity towards methanol oxidation
in alkaline solution in comparison with a commercial Pd catalyst [207]. Cubic Pd nanoparticles were also eval-
uated toward methanol electrooxidation by Kannan et al. who reported a clear enhancement (about 11 times)
in comparison with a commercial Pd/C catalyst in HClO4 solution [208]. Qin et al. employed star-like and con-
cave Pd nanoparticles which also showed an enhanced activity (more than three times) in comparison with
commercial Pd/C in alkaline medium [209].
As previously discussed for formic acid electrooxidation, the use of shaped controlled Pt and Pd alloy
nanoparticles and the adatom surface decoration of different shaped metal nanoparticles are widely accepted
strategies for obtaining better electrocatalysts for methanol electrooxidation. Two contributions will be briefly
discussed to exemplify these two different approaches, both dealing with the Pt-Ru system which has been
widely considered for this reaction andwhere the incorporation of Rupromotes the formation of oxygen species
at lowpotential, thus facilitating the reaction through a bifunctionalmechanism [210, 211]On the one hand, Sun
and co-workers reported that Ru-decorated THH Pt nanoparticles displayed a high tolerance to CO poisoning
and an onset oxidation potential shift of about 100 mV towards more negative potentials [212]. In comparison
with Ru-decorated Pt/C and with commercial PtRu alloy nanoparticle catalyst, these Ru-decorated THH Pt
NPs showed a higher activity in the low potential range.
On the other hand, very recently, Huang et al. reported the preparation of shaped controlled PtRu al-
loy nanoparticles and their use for methanol electrooxidation in HClO4 solution [213]. In more detail, PtRu
nanowires, nanocubes, and nanorods were synthetized through a one-step solvothermal method. The results
indicated that the {111}-terminated PtRu nanowires displayed higher activity and stability than those obtained
with the {100}-terminate PtRu nanocubes.
Obviously, many other systems have been evaluated for methanol electrooxidation including PtPd
nanocubes [214]; PtPd nanotetrahedra [215]; octahedral PtPd alloy nanoparticles [216]; multiply twinned PtPd
nanoicosahedra [217]; concave PtPd nanocubes [218]; cubic, rod-like, quasi spherical, concave cubic, and TOH
Au nanoparticles [219]; plate-like and truncated octahedral Cu nanocrystals [220]; concave PtCu [221] and
PtPdCu [222] nanocubes; Pt3Co nanoflowers and nanocubes [223]; PtZn nanocubes [224]; platinum−copper
nanowires [225]; deeply excavated Pt3Co nanocubes [226]; excavated octahedral Pt-Co alloy nanocrystals [227];
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platinum–copper rhombic dodecahedral (RD) nanoframes [228]; platinum–silver alloyed octahedral nanocrys-
tals [229]; screw-like PdPt nanowires [230]; andCu-rich PtCu octahedral alloy nanocrystals [231], among others.
6 Ethanol electrooxidation
Ethanol electrooxidation has been also the subject of innumerable studies. Due to difficulties in C–C bond
cleavage, the ethanol oxidation, however, is often incomplete, resulting in a number of by-products other than
CO2 such as acetaldehyde and acetic acid. As previously stated for methanol, on metal surfaces, this reaction is
also surface structure sensitive [232–234] and, consequently, susceptible of being studied on shaped controlled
metal nanoparticles. Tian and co-workers [29] reported that THH Pt nanocrystals displayed an enhanced ac-
tivity towards ethanol electrooxidation in comparison with polycrystalline Pt nanospheres and commercial
Pt/C catalyst (E-TEK Co.). Wei et al. also reported that concave THH Pt nanocrystals (bounded by {910} faces)
prepared in deep eutectic solvents were more active (about 2 times) than a Pt black catalyst in HClO4 solu-
tion [235]. Also, Huang et al. showed that concave polyhedral Pt nanoparticles having {411} high-index faces
exhibited an enhanced electrocatalytic activity over commercial Pt catalysts towards ethanol oxidation reac-
tion in HClO4 [158]. Similarly, Zhang et al. also reported a higher ethanol oxidation activity (in HClO4) with
multipod and concave Pt nanocrystals, mainly exposing {211} and {411} high-index facets, respectively, than
that observed with Pt/C and Pt nanocubes [236]. Interestingly, Zhou et al. showed that THH Pt nanoparticles,
prepared from an electrochemical perturbation of Pt nanocubes (10 nm) in H2SO4, displayed a remarkable in-
crease in activity towards ethanol oxidation, in comparison with the original Pt nanocubes and commercial Pt
nanoparticles [237]. All these previous contributions clearly point out the benefits of having nanoparticles con-
taining high-index surfaces for ethanol electrooxidation. However, “low-index”metal nanoparticles have been
also evaluated and, for instance, Busó-Rogero et al. systematically evaluated the ethanol oxidation on different
shaped Pt nanoparticles including spherical, cubic, and octahedral Pt nanoparticles both in acidic and in alka-
line solution [238–240]. The results obtained clearly agreed with those previously found with Pt single-crystal
electrodes [232–234].
Apart from Pt, shaped controlled Pd and Rh nanoparticles have also been employed for ethanol electroox-
idation including cubic Pd nanoparticles [207], concave Pd nanocubes [241], and THH Rh nanocrystals [242].
Obviously, several shaped metal alloy nanoparticles have been considered for this reaction. Among others,
Chen et al. used different shaped PtPd alloys supported in graphene for ethanol electrooxidation [243]. Higher
electrocatalytic activities and better tolerance to poisoning were observed for all shapes in comparison with
Pt nanoflowers, Pd nanoparticles, and unshaped PtPd nanoparticles supported on carbon black. Rao et al. em-
ployed different PtRh alloy nanocubes supported on graphene [244]. In this case, a Pt:Rh atomic ratio = 9:1 was
found to be the most convenient for ethanol oxidation. High-index PtRh nanocrystals including {830}-bounded
THH and {311}-bounded trapezohedron (TPH) have been also tested [30]. Hong et al. evaluated AuPd octapo-
dal nanoparticles in comparison with flower-like AuPd alloy nanoparticles and a commercial Pd/C catalyst
[245]. Also, Zhang et al. reported the preparation of monodisperse Au–Pd alloy nanoparticles with system-
atic shape evolution from RD to TOH, and HOH structures by varying the concentration of surfactant in the
surfactant-mediated synthesis [246]. The catalytic activities toward ethanol electrooxidationwere in the order of
HOH > RD > TOH, following the same order of their corresponding surface energies. More recently, Rizo et al.
studied the ethanol electrooxidation on PtSn nanocubes [247]. They observed that the electrochemical activity
of the cubic Pt−Sn nanoparticles was found to be about three times higher than that obtained with unshaped
Pt−Sn nanoparticles and six times higher than that of Pt nanocubes. Very interestingly, Erini et al. have recently
explored the use of octahedral PtNiRh nanoparticles, having a fixed Pt:Ni ratio and different Rh contents (be-
tween 1 and 6 atomic %), towards ethanol electrooxidation [248]. These multimetallic samples displayed a good
electrochemical activity and stability towards ethanol oxidation in alkaline solution.
On the other hand, ethanol electrooxidation is also suitable of being optimized by using adatom-decorated
shaped metal nanoparticles. For instance, Wang et al. studied Bi-decorated THH Pd nanoparticles towards
ethanol oxidation in alkaline medium [249]. The activity of the Bi-decorated samples was found to be about
3 and 12 times higher than that of bare THH Pd nanoparticles and a Pd/C catalyst, respectively, at the opti-
mum Bi coverage. Similarly, Busó-Rogero et al. employed different adatoms (Sn, Rh, Ru, and Pb) to systemati-
cally decorate the surface of different shaped Pt nanoparticles and studied their electrocatalytic properties for
ethanol electrooxidation both in acidic and in alkaline solutions [250]. However, in all cases, the enhancement
was very limited.
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7 Oxygen reduction reaction
Oxygen reduction reaction (ORR) is, without any doubt, one of the most studied reactions in electrocatalysis
[139, 143, 251–255]. Among pure metals, Pt presents the highest electrocatalytic activity for the 4e− pathway to
water [256–259]. ORR is also known to be sensitive not only to the surface structure of the electrode but also
to the used electrolyte [260]. This surface structure sensitivity has been also demonstrated on different shaped
metal nanoparticles. Thus, for instance, Inaba et al. used cubic Pt nanoparticles prepared in the presence of
NaPA which displayed a high activity for ORR in H2SO4 solution [261]. Similarly, Sánchez-Sánchez et al. also
evaluated theORR activity of different shape-controlled Pt nanoparticles by using the scanning electrochemical
microscope (SECM) [262]. The results pointed out the good agreement between the ORR activity of the shaped
Pt nanoparticles and the results obtained with Pt single-crystal electrodes. In this regard, Tripkovic et al. [263]
reported a density functional theory (DFT) study dealing with the effect of the shape of Pt nanoparticles on the
ORR activity in a non-adsorbing electrolyte. The results showed that the tetrahedral Pt nanoparticles provided
the highest activities and the cubic Pt nanoparticles the least actives. These findings are in good agreement with
previous experimental observations on shape-controlled Pt nanoparticles [262] in a non-adsorbing electrolyte
such as HClO4. In addition, taking into account that stepped Pt single-crystal surfaces usually displayed higher
ORR catalytic activity than that observed for the basal surfaces [256–259], several high-index Pt nanoparticles
have been explored towards ORR. Readers interested in this topic are referred to some relevant reviews [141,
147–149].
Shaped Pd nanoparticles have been also extensively tested for ORR. Xiao et al. used Pd nanorods and ob-
served a specific activity about 10 times higher than that of Pd spherical nanoparticles [264]. Shao et al. [265],
Erikson et al. [73, 74], and Lee et al. [266] also reported enhancedORR activities by using Pd nanocubes contain-
ing a preferential {100} surface structure. Relevant reviews about the electrocatalysis of Pd-based nanomaterials
for ORR are already available in the literature [267, 268].
Among the vast literature existing dealing with the use of shaped metal alloy nanoparticles towards ORR
[32, 33, 37, 139, 143, 146, 150, 180, 253, 255, 262, 269–272], the system Pt-Ni is particularly relevant. Stamenkovic
et al. published that the ORR-specific activity at 0.9 V of a single-crystal Pt3Ni(111) surface was about 90 times
higher than that of a commercial Pt/C in 0.1 M HClO4 solution [273]. This finding clearly marked the efforts
towards the preparation of octahedral Pt3Ni nanoparticles and their use for ORR [274]. To the best of our knowl-
edge, the first example of shape-controlled Pt3Ni nanoparticleswas reported byZhang et al. [275]whoprepared
Pt3Ni octahedra and nanocubes and observed that the ORR-specific activity of the Pt3Ni octahedra was about
five times higher than that obtained with Pt3Ni nanocubes, Figure 17. In addition, the specific and mass activ-
ities of Pt3Ni-octahedra/C were about seven and four times higher than that of a commercial Pt/C electrocat-
alysts.
Figure 17: (a) ORR behaviour of Pt3Ni nanoctahedra, Pt3Ni nanocubes, and Pt nanocubes supported on a rotating GC
disk electrode in O2 saturated 0.1 MHClO4 solution at 20 mV s−1 and at 295 K; rotation rate, 900 rpm. (b) Comparison
of the ORR activities at 0.9 V vs. RHE at 295 K. Reprinted with permission from Ref [275]. Copyright (2010) American
Chemical Society.
Since this first contribution, many other approaches have been reported and for the readers’ interests in
this particular topic, we refer to some recent reviews by Strasser et al. in which the most relevant advances are
visually summarized (Figure 18) in terms of ORR Pt mass activities [150, 276, 277].
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Figure 18: Schematic representation of the performance of the most relevant shaped PtNi nanoparticles (given in A
mg−1(Pt) at + 0.9 V vsRHE (iR-corrected electrode potential)) towards ORR. Reproduced from Ref. [150] with permission
from The Royal Society of Chemistry.
8 CO2 electroreduction
The electrochemical reduction of CO2 is being the subject of numerous efforts basically with two main ob-
jectives: (i) decreasing the CO2 concentration at the atmosphere (this high concentration strongly contributes
to the greenhouse effect and climate change) and (ii) transforming this CO2 into valuable chemicals and/or
fuels. However, this reaction presents a very complicated chemical reaction mechanism, and multiple electron-
transfer processes with manifold coupled consecutives intermediates can take place [278–282]. In addition,
and due to its particular structure, CO2 is quite thermodynamically and kinetically stable, requiring usually
high overpotentials in order to produce C1, C2, and even C3 compounds. Also, the hydrogen evolution reac-
tion (HER) is its serious competitive reaction in aqueous solution which give rises to low faradaic efficiencies.
Nevertheless, on the other hand, it is also well-established that the product selectivity during the CO2 electrore-
duction is strongly determined by the nature of the metal and also by the surface structure [283–288].
Therefore, and due to this surface structure sensitivity, different shape-controlled metal nanoparticles have
been evaluated. Among others, Cu is particularly themost interestingmetal due its unique properties to convert
CO2 into different hydrocarbons, mainlymethane (CH4) and ethylene (C2H4) [150, 289–292]. For instance, Chen
et al. [293] showed that onCumesocrystals having {100} oriented facets, the faradaic efficiency towards ethylene
formationwas about 18 times larger than that ofmethane. Similarly,Nilsson and co-workers usedCunanocubes
to selectively produce ethylene over methane due to their preferential {100} surface structure [294, 295]. Also,
Kwon et al. [296] reported a selective production of ethylene on Cu nanocubes prepared using a halide based
electrochemical treatment. On these nanocubes, the faradaic efficiency towards ethylene was found to be 1.5
higher than that for polycrystalline copper (at −1.0 V vs. RHE). Interestingly, the faradaic efficiency for ethanol
was also remarkably high (about 8 %). Gao et al. tested the behaviour of Cu nanocubes with tunable {100} facet
and oxygen/chlorine ion content by using a low-pressure plasma pre-treatment towards CO2 electroreduction
[297]. The results obtained displayed high selectivity for ethylene, ethanol, and n-propanol and a maximum
faradaic efficiency of about 73 % for C2 and C3 compounds. Additionally, Cu nanocubes with different edge
length (24, 44, and 63 nm) were also evaluated by Loiudice et al. [298]. Among the samples, the 44 nm cubic
samples displayed the highest faradaic efficiency for ethylene (about 41 %). More recently, Jeon et al. reported
that prism-shapedCu catalysts displayed a high C2H4 production (about four times higher) in comparisonwith
that observed with a planar Cu electrode (figure 19) [299].
Other shapes such as Cu nanowires [300–302], hierarchical Cu pillar [303], and Cu nanofoam [304] have
been also explored.
Different shaped silver (Ag) nanoparticles were also evaluated for CO2 electroreduction. For instance, Liu
et al. showed that triangular Ag nanoplates having {100} domains exhibited improved electrochemical proper-
ties towards CO in comparison with similarly sized Ag nanoparticles (SS-Ag-NPs) and bulk Ag [305].
Lately, Peng et al. employed a simple anodization treatment to prepare preferentially oriented metallic Ag
nanoparticles with high activity and high selectivity for the reduction of CO2 to CO [306]. The {110} and {100}
preferentially oriented Ag nanocrystals displayed faradaic efficiency of about 97 % (at−0.69 V vs. RHE), which
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was significantly higher than that obtained with polycrystalline Ag (60 % at −0.87 V vs. RHE). Other systems
such as Ag nanocorals [307] and Ag nanoporous electrodes [308] have also exhibited high selectivity towards
CO.
Shape-controlled Pd nanoparticles are particularly interesting to produce formate. Klinkova et al. [309] em-
ployed different shaped Pd nanoparticles for the electroreduction of CO2 to formate. The results obtained sug-
gested that the presence of high-index surfaces enhances the electrocatalytic performance (Figure 20). Thus, the
high-index samples displayed a faradaic efficiency of about 97 % towards formate at a low overpotential (−0.2
V vs. RHE).
Interestingly, Gao et al. have recently published a perspective summarizing the behaviour of different Pd-
and Pd-based nanostructures towards CO2 electroreduction mainly towards formate [310]. Moreover, the elec-
trochemical reduction of CO2 towards CO is also possible on Pd surfaces. In this regard, Huang et al. reported
the CO production on octahedral and icosahedral Pd nanoparticles. The results obtained showed that the
faradaic efficiency for CO production on Pd icosahedra (about 91 % at 0.8 V vs. RHE) was found to be almost
two times higher than that observed on Pd octahedra [311].
Some zinc (Zn)-shaped nanostructures have been also studied. In particular, nanodendrites [312] and hexag-
onal [313] Zn electrodes have demonstrated remarkable activities for the selective production of CO.
Besides, different Bi nanostructures have been also considered for the selective production of formate. Thus,
Bi nanodendrites [314, 315] and Bi nanoflakes [316] have displayed very high faradic efficiencies towards for-
mate (96.4 % and about 100 % respectively). On the other hand, in acetonitrile solution, shaped Bi nanoparticles
have displayed very high faradaic efficiency (about 96.1 %) towards CO production [317].
Furthermore, some shaped Au nanoparticles have been also explored including nanowires [318, 319], con-
cave RD [320], pore-like or pillar-like structures [321], and nanocubes [322], among others. In all these cases, a
selective conversion of CO2 to CO is observed.
To complete this section, it is worth noting some relevant contributions dealing with the use of metal alloy,
core-shell, and adatom-decorated shaped electrocatalysts for CO2 electroreduction. Very briefly, Zhao et al. em-
ployed Cu–Pt alloy nanocube [323] with different Pt:Cu atomic compositions. The reduction potential becomes
more positive with increasing Cu content, and Cu85Pt15 nanocubes were found to be the most convenient sys-
tem for CO2 reduction.
On the other hand, Monzó et al. [322] tested Au–Cu core-shell nanoparticles in which Au nanocubes were
systematically covered with increasing Cu layers. As illustrated in Figure 21, the product selectivity for the CO2
reduction was clearly dependent on the thickness of the Cu shells.
Figure 19: Partial current densities vs. applied potential for C2H4 of a planar Cu foil and a Prism Cu electrode. Reprinted
with permission from Ref [299]. Copyright (2018) American Chemical Society.
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Figure 20: Schematic representation displaying the beneficial effect of the abundance of high-index Pd surfaces to maxi-
mize the electrocatalytic reduction of CO2 towards formate. Reprinted with permission from Ref [309]. Copyright (2016)
American Chemical Society.
Figure 21: Total gas product distribution of H2, CH4, and C2H4 on Au nanocubes covered with increasing Cu layers dur-
ing CO2 electroreduction in PBS (pH = 8) at −0.6 V vs. RHE. Reproduced from Ref. [322] with permission from The Royal
Society of Chemistry.
Finally, Sun and co-workers evaluated the electrochemical reduction CO2 on Cu decorated THH and {111}-
faceted Pd nanoparticles [324]. In this case, both the Cu coverage and the surface structure of the substrate
strongly determined the resulting selectivity towards methanol and ethanol.
For those readers particularly interested in this reaction, we refer to some of the recent and excellent reviews
widely covering this topic [150, 277, 325–327].
9 Critical safety considerations
Due to the increasing number of applications using different types of nanomaterials, and in particular metal
nanoparticles, a great emphasis is nowadays focused on risk assessment of these nanoscale metal materials.
To the best of our knowledge, there is no specific international protocols dealing with the possible risks of
nanoparticles and safety aspects to face during the various stages of preparation, manipulation, and use. How-
ever, relevant contributions have been already reported on the literature about the potential toxicological ef-
fects associated with the employment of nanomaterials in human environments [328–330] and in agriculture
and food [331].
Additionally, some safety considerations for the employ of nanomaterials have been also reported [332–336].
Very recently, Jeevanandam et al. have discussed about the types of toxic reactions associated with different
types of nanomaterials and the regulations implemented by different countries to reduce the associated risks
[337].
It is worth noting that the toxicity degree of these metal nanoparticles is affected by a number of factors
including size, shape, agglomeration state, surface functionalization, atomic composition, and dose, among
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others [338–345]. Consequently, their interaction with biological environment and living systems will be deter-
mined by their physicochemical properties.
In conclusion, and despite some considerations and recommendations being reported, there is no common
international legislation dealing with their manipulation and hazard assessment. More work is still required to
properly understand the toxic effects and safety aspects for short- and/or long-term exposition.
10 Conclusions and future perspective
Understanding the correlations between the shape and the surface structure of metal nanoparticles and their
resulting electrocatalytic properties necessarily requires the use of clean nanoparticles. In this contribution, we
have reviewed and discussed the most significant protocols and procedures for producing clean shaped metal
nanoparticles. In addition, a section focused on the employ of easy-to-do electrochemical experiments to evaluate
the cleanness of the nanoparticles have been also included. Interestingly, the use of electrochemical surface
structure-sensitive reaction allows obtaining a detailed characterization of the surface structure of the shaped
nanoparticles both from qualitative and quantitative points of view. Finally, a collection of relevant studies on
the use of different shapedmetal nanoparticles for relevant electrochemical reaction including electrooxidation
of formic acid, methanol and ethanol, and electroreduction of oxygen and CO2 have been also reported.
Despite the significant improvements due to the use of shapedmetal nanoparticle in the field of the Electro-
catalysis, there are still a number of issues waiting to be explored including, (i) systematic long-term stability
measurements, particularly in-operando conditions, (ii) selectivity issues still need more systematic studies, and
(iii) the incorporation of these shaped metal electrocatalysts on practical electrochemical devices such as fuel
cells, electrolysers, or filter press-type reactors is still scarce.
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